GlcN-inositol (Ins)) is the major reducing agent in actinomycetes, including Mycobacterium tuberculosis. The biosynthesis of MSH involves a deacetylase that removes the acetyl group from the precursor GlcNAc-Ins to yield GlcN-Ins. The deacetylase (MshB) corresponds to Rv1170 of M. tuberculosis with a molecular mass of 33,400 Da. MshB is a Zn 2؉ metalloprotein, and the deacetylase activity is completely dependent on the presence of a divalent metal cation. We have determined the x-ray crystallographic structure of MshB, which reveals a protein that folds in a manner resembling lactate dehydrogenase in the N-terminal domain and a Cterminal domain consisting of two ␤-sheets and two ␣-helices. The zinc binding site is in the N-terminal domain occupying a position equivalent to that of the NAD ؉ co-factor of lactate dehydrogenase. The Zn 2؉ is 5 coordinate with 3 residues from MshB (His-13, Asp-16, His-147) and two water molecules. One water would be displaced upon binding of substrate (GlcNAc-Ins); the other is proposed as the nucleophilic water assisted by the general base carboxylate of Asp-15. In addition to the Zn 2؉ providing electrophilic assistance in the hydrolysis, His-144 imidazole could form a hydrogen bond to the oxyanion of the tetrahedral intermediate. The extensive sequence identity of MshB, the deacetylase, with mycothiol S-conjugate amidase, an amide hydrolase that mediates detoxification of mycothiol Sconjugate xenobiotics, has allowed us to construct a faithful model of the catalytic domain of mycothiol Sconjugate amidase based on the structure of MshB.
It is estimated that there are currently 2.2 billion people infected with Mycobacterium tuberculosis (TB) 1 worldwide, leading to ϳ2 million deaths annually (1, 2) . To compound the urgency of this situation, 2% of TB clinical isolates display resistance to the common anti-TB medications, isoniazid and rifampicin (3) . The latter of these two drugs was the one most recently introduced, in 1968. Clearly, the lack of new anti-TB drugs is a significant problem since the frequency of antibioticresistant TB is growing. To develop new anti-TB drugs, we have sought novel metabolic pathways or metabolic intermediates used by the bacteria. One such potential target is mycothiol (1-D-myo-inosityl 2-(N-acetyl-L-cysteinyl)amido-2-deoxy-␣-D-glucopyranoside, MSH or AcCys-GlcN-Ins) (Fig. 1) , the reducing agent exclusively present in the order actinomycetes, to which TB belongs (4) . This thiol is proposed to have a role similar to that of glutathione in controlling the levels of cellular reactive oxygen species, as an enzyme cofactor and as a potential reactant used for antibiotic removal from the bacteria (5) (6) (7) (8) . Loss of mycothiol in mycobacteria is associated with slow growth and increased sensitivity to both reactive oxygen species and antibiotics (9) .
The biosynthetic pathway of mycothiol involves four steps: 1) production of 1-D-myo-inosityl-2-acetamido-2-deoxy-␣-D-glucopyranose (GlcNAc-Ins) using the glycosyltransferase coded for by Rv0486 (MshA) (10) , 2) deacetylation of GlcNAc-Ins by MshB to produce 1-D-myo-inosityl 2-amino-2-deoxy-␣-D-glucopyranoside (GlcN-Ins) (11), 3) the addition of cysteine to the free amine of glucosamine in an ATP-dependent manner to produce Cys-GlcN-Ins, by MshC (Rv2130c) (12) , and 4) acetylation of the amine of cysteine by acetyl-CoA (AcCys-GlcN-Ins) by MshD (Rv0819) (13) .
We have solved the x-ray crystal structure of mycothiol deacetylase (MshB, TB gene Rv1170), an enzyme involved in the biosynthetic pathway of mycothiol. Recently, it was shown that Mycobacterial knockouts lacking MshB activity were more susceptible to reactive oxygen species but also more resistant to isoniazid (14) . The extensive sequence similarity of MshB to mycothiol S-conjugate amidase (Mca, TB gene Rv1082) has allowed us to build a faithful comparative molecular model of the latter. Mca may assist in the removal of antibiotics from the infectious bacteria by cleaving the S-conjugate formed by the reaction of MSH and an anti-biotic, thereby assisting in the export of the latter from the cell (8, 15) .
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The expression plasmid was used as described previously (11) . Protein was expressed overnight at room temperature by inducing with 0.4 mm isopropyl-1-thio-␤-D-galactopyranoside in Escherichia coli BL21(DE3) cells. Protein purification proceeded using the His 6 tag present on the recombinant protein using a nickel-nitrilotriacetic acid affinity column and 150 mm imadazole elution buffer.
Crystal Growth-Crystals of MshB were obtained by the vapor-diffusion method with a mother liquor consisting of 15% polyethylene glycol 4000, 50 mm Tris-HCl (pH ϭ 8.0), 0.1 m Mg(NO 3 ) 2 , 6% 1,6-hexanediol, and 10% ethylene glycol. A 1:2 ratio of protein solution (6 mg/ml) to mother liquor was mixed and left for vapor equilibration. Triclinic crystals formed after approximately 1 week at room temperature (Table I) .
Data Collection and Heavy Atom Derivatives-A high resolution native data set was collected at beamline 8.3.1 at the Advanced Light Source in Berkeley, CA equipped with an ADSC Q210 detector. A heavy atom derivative was obtained by soaking crystals in 1 mm uranyl nitrate for 2 days. The derivative data set was collected on a Rigaku RU-H3R rotating anode generator equipped with a Rigaku R-AXIS IVϩϩ image plate detector. The data were processed using MOSFLM (version 6.11) and scaled with SCALA (16 -18) . Four heavy atom sites in the asymmetric unit were located using SOLVE via the single isomorphous replacement with anomalous scattering method (19) . Solvent flattening and phase extension were done using RESOLVE (20) . An initial model was built using aRP-wARP, which traced an initial 987 residues (21). The structure was then subjected to iterative rounds of refinement with a maximum likelihood target using REFMAC (22) and model fitting using XFIT (23) .
Figures-All figures were produced using Pymol (24) .
Coordinates-The atomic coordinates and structure factors have been deposited in the Protein Data Bank with accession code 1Q74.
RESULTS
Crystallography of MshB-The enzyme crystallized in the triclinic space group P 1 with cell dimensions a ϭ 56.8 Å, b ϭ 74.0 Å, c ϭ 85.6 Å, ␣ ϭ 102.1°, ␤ ϭ 108.2°, ␥ ϭ 97.2°. There were four protein molecules in the unit cell (asymmetric unit), giving a solvent content of 50% (V M ϭ 2.5 Å 3 /Da). The four molecules present were almost identical with a maximal pairwise C ␣ root mean square deviation of 0.30 Å over a minimum of 251 C ␣ atoms. All four molecules are missing two surface loops (minimally residues 100 -103 and 164 -167), which had untraceable electron density (see Fig. 2, a and b) . Both of these regions are not located near the active site. Additionally, three of the four molecules are missing a surface loop minimally from residues 211-216. This loop is located proximal to the active site but is not expected to play a role in substrate binding or catalysis (see below). The one copy of MshB that contains this loop then represents the most complete model present for the protein. All four molecules are identical in the active site region and contain a catalytic zinc atom.
Overall Structure of MshB-MshB consists of one large ninestranded mixed ␤-sheet and one small three-stranded antiparallel ␤-sheet (Fig. 2, a and b) . The first five strands of the large ␤-sheet with the associated ␣-helices (␣ 1 to ␣ 5 ) adopt a topology that closely resembles the Rossmann fold of lactate dehydrogenase (25) . Several lines of evidence confirm that MshB is a zinc-binding protein (see below). Despite the diverse functions of lactate dehydrogenase (an oxidoreductase) and MshB (a zinc hydrolase), these enzymes adopt a similar fold. The three-dimensional structure of MshB does not have a related fold among the Zn 2ϩ -dependent metalloenzymes (see below) (structural relationships were searched by the DALI server, but no significantly similar metalloproteins were found (26) ). The structure shows that there is a metal binding site comprised of residues from the C terminus of ␤-strand 1 and the loop linking strand 1 to the helix ␣ 1 (His-13 and Asp-16) as well as His-147 from the N terminus of helix ␣ 5 . In addition, in the holoenzyme, there are two water molecules that coordinate to the Zn 2ϩ ion, c Two values are given, the first after substructure solution, the second after solvent flattening.
where F o and F c are the observed and calculated structure factor amplitudes, respectively. e R free was calculate as for R cryst with 5% of the data omitted from structural refinement.
FIG. 1. Structure of mycothiol (1-D-myo-inosityl-2-(L-cystinyl) amido-2-deoxy-␣-D-glucopyranoside, AcCys-GlcN-Ins, MSH).
one of which is also within hydrogen-bonding distance to the carboxylate of Asp-15, a proposed catalytic residue (see Fig. 3 ).
Electrostatic Surface Potential of the Enzyme-The substrate for MshB is 1-D-myo-inosityl 2-acetamido-2-deoxy-␣-D-glucopyranoside, a molecule that is highly hydrophilic (see Fig. 4 ). Not surprisingly, the active site and substrate binding pocket of MshB is also hydrophilic and electronegative, having three carboxylate groups (Asp-15, Asp-95, and Asp-146), three hydroxyl groups (Ser-20, Tyr-142, and Ser-260), one amide from the side chain of Gln-247, four main chain carbonyls (Gly-140, Tyr-142, Glu-213, and Ile-214), and two positively charged residues (Arg-68 and His-144) (Figs. 2c and 3a) . Many carbohydrate-binding molecules have similar constellations of hydrophilic residues that form hydrogen-bonding interactions to the sugar hydroxyl groups (27) .
DISCUSSION
The Active Site of MshB Is Similar to That of a Metalloprotease-The deacetylation reaction catalyzed by MshB is very similar to that catalyzed by a protease cleaving a peptide bond. It was therefore not completely surprising that the arrangement of residues in the active site of MshB was very similar to that of a metalloprotease. The crystal structures of several metalloproteases, including thermolysin and carboxypeptidase A, have been known for a long time(Protein Data Bank accession codes 4TLN and 5CPA). These enzymes generally employ a metal chelated by three protein ligands (usually two histidines and a glutamate) and a general base carboxylate that activates a water molecule to cleave the peptide bond. A nearly identical constellation of residues in the metalloprotease active site is found in MshB deacetylase (Fig. 3) . The ligands on the zinc are two histidines (His-13 and -147) and an aspartate (Asp-16), which differs from the usual glutamate in the metalloproteases. The activating general base is Asp-15, a feature that is unique among Zn 2ϩ hydrolases. 2 We also see two water molecules in the active site, both in the proximity of the zinc and one near Asp-15, which presumably is the nucleophilic water molecule. The other water molecule is most likely displaced by an incoming substrate. Unlike the water molecule arrangement viewed in carboxypeptidase A, the two water molecules here appear to be uniquely bound and are not two positions with partial occupancy (28) . The fact that both water molecules are present can be further verified by a calculation of the valence bond summation in which both water molecules are required to approximate the expected ϩ2 oxidation state of zinc (29) . Zinc was chosen as the active site metal for three reasons: 1) metal analysis data indicating Zn 2ϩ , 3 2) a positive Zn 2ϩ
x-ray fluorescence scan, and 3) because zinc commonly adopts a coordination geometry identical to that seen here (30) . The active site region of the enzyme is extremely electronegative (Fig. 2c) . A lone exception to this is Arg-68, which flanks one side of the active site (Fig. 3a) . This residue is conserved 2 D. S. Auld, personal communication. 3 G. Newton and R. C. Fahey, unpublished data.
FIG. 2.
Overall structure of MshB. a, stereo representation of one of four MshB molecules present in the crystallographic asymmetric unit. The coloring is blue at the N terminus to red at the C terminus. The catalytic zinc is shown as a magenta sphere. b, secondary structure present in the structure of MshB, showing the large central mixed ␤-sheet and lactate dehydrogenase (Rossmann) fold. The green circle denotes the location of two of the zinc binding ligands (His-13 and Asp-16) and of the general base for the proposed catalytic mechanism (Asp-15) (Fig. 4) . The yellow circle represents the location of the third zinc binding ligand (His-147) and the electrophile for the catalytic mechanism (His-144). Broken lines in the chain are used to show areas of untraceable protein chain. c, electrostatic surface of MshB. Blue shows areas of positive electronegativity, and red shows areas of negative electronegativity. The catalytic zinc is shown as a cyan sphere deep in the hole surrounding the very electronegative active site. Proposed Catalytic Mechanism of MshB-Given the similar disposition of catalytic residues in the active sites of MshB and the zinc metalloproteinases, it is likely that the deacetylase also has a catalytic mechanism similar to that of the proteinases. The metalloproteinase mechanism involves nucleophilic attack of the hydroxyl ion generated with general base assistance of the carboxylate group of the glutatmate on the carbonyl carbon of the scissile peptide bond. In all known metalloproteinases, the general base is a glutamate. The glutamate also has the role of general acid in transferring the proton to the nitrogen of the leaving group of the original peptide bond.
In our proposed catalytic mechanism (Fig. 4) of hydrolysis of GlcNAc-Ins, the substrate binds to MshB so that the carbonyl oxygen of the acetyl group replaces the second water molecule on the Zn 2ϩ ion. This leaves the first water molecule in an ideal position for general base-assisted nucleophilic attack of the carbonyl carbon of the acetyl group. The general base is the carboxylate of Asp-15. The tetrahedral transition state would then have a negatively charged oxygen atom that is stabilized by the positively charged Zn 2ϩ and by the imidazolium side chain of His-144. Proton transfer to the nitrogen of the leaving group (GlcN-Ins) would be via the general acid function of the carboxyl group of Asp-15.
This reaction mechanism might be common to other deacetylases as well. In other mycobacteria, there is strong sequence similarity among the MshB homologs, especially in the region of the metal binding ligands and the catalytic residues. Phosphatidylinositol glycan, class L is an enzyme that catalyzes the deacetylation of N-acetyl-D-glucosaminylphosphatidylinositol in glycosylphosphatidylinositol anchor biosynthesis. The enzymes from a variety of species have a section of sequence, AHPDDE, that carries the metal binding histidine and aspartate residues, as well as the catalytic general base aspartate (11, 31) .
Thus far, it has not been possible to bind substrate analogs or inhibitors to MshB. The product of the deacetylase reaction, GlcN-Ins, does not strongly inhibit the enzyme, nor does it bind with high affinity. 3 Molecular modeling of MSH in the active site of MshB revealed two potential orientations of the GlcNAcIns portion of the molecule. Neither was sufficiently compelling for us to be convinced of their validity. However, there were many potential hydrogen-bonding interactions in the vicinity of the two most likely orientations. Removal of the inositol, leaving only GlcNAc as the substrate, reduces the catalytic activity of MshB by 300-fold (11) . Clearly, there must be important interactions of the inositol with MshB.
MshB exhibits weak amidase activity toward mycothiol Sconjugates, cleaving the bond linking the AcCys residue to GlcN-Ins. The related enzyme, Mca, exhibits high activity with mycothiol S-conjugates and very low deacetylase activity with GlcNAc-Ins. 4 Thus, these two enzymes have slightly overlapping functions. Mca plays a key role in the detoxification of electrophiles, which form S-conjugates with mycothiol (11) , and there is reason to believe that certain antibiotics are detoxified by an MSH-dependent pathway involving Mca (9) . 4 Thus, Mca may also be an important target for TB drugs, and its threedimensional structure is therefore important. 
Modeling of Mca Encoded by Open Reading Frame Rv0182-
MshB and Mca share 32% sequence identity overall and 43% over the first 200 residues. Based on this sequence identity, a homology model for the catalytic portion of Mca was constructed ( Fig. 5) (33) . The model was successfully built up to residue 180, where the sequence identity became too sparse for a successful fit. The homology model showed amazing similarity between the two structures with all pertinent active site residues aligning perfectly, including the metal binding site and the catalytic aspartate. Mca has very low activity toward GlcNAc-Ins; therefore, substrate specificity must be vital. The only major difference in the active sites is the incorporation of Lys-19 in Mca, where Ser-20 was in MshB. This residue may therefore be important in disaccharide binding, in which the serine in MshB interacts with hydroxyls on the sugars, and the lysine in Mca may sterically hinder them. Since the same sugar moiety must bind to Mca, it may bind in a different orientation, or the unfavorable interactions with the sugar alone could be compensated for by additional interactions with the AcCys residue of MSH. These interactions would most likely involve residues that occupy the positions of Gln-247 and Ser-260 in MshB since this is where most of the sequence variation between MshB and Mca occurs, and it was not possible to model this region accurately.
Recently, the structure of a similar protein (TT1542) from Thermus thermophillus was determined as part of a structural genomics initiative (34) . MshB and TT1542 share 33% identity or strong sequence similarity, although TT1542 is 80 residues shorter in length. The role of TT1542 is unknown, and the assumed active site of the enzyme does not contain a metal atom. The enzymes share a very similar fold and active site residues, and therefore, it is likely that TT1542 has a similar role as a zinc aminohydrolase, although the natural substrate remains unknown (Fig. 6) .
The control of reactive oxygen and reactive nitrogen intermediates is extremely important to all organisms. Mycothiol appears to play a major role in protecting mycobacteria against peroxide toxicity (7, 9, 14) and in detoxifying nitric oxide (32) . It therefore appeared that drugs directed against MshB might be able to block MSH production, but recent work has shown that in M. tuberculosis Erdman (14) and in Mycobacterium smegmatis (9) , inactivation of the mshB gene does not fully block MSH biosynthesis. Another amidase, possibly Mca, apparently has sufficient GlcNAc-Ins deacetylase activity to support a low level of MSH production during exponential growth. If a drug could be found that blocks both deacetylase activities, then MSH production might be effectively eliminated. Alternatively a drug that blocks Mca activity might serve to enhance the toxicity of known antibiotics toward M. tuberculosis. The novel fold that MshB (and by homology Mca) contains should prove helpful in the design of such drugs, whereas the similarity of the active sites to known metalloproteinases presents a scaffold from which drug targets can be designed.
